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The precision measurement of the β−spectrum shape for 210Bi (historically RaE) have been
performed with a spectrometer based on semiconductor Si(Li) detector. This first forbidden non-
unique transition has the transition form-factor strongly deviated from unity and knowledge of its
spectrum would play an important role in low-background physics in presence of 210Pb background.
The measured transition form-factor could be approximated as S(W ) = 1+ (−0.4363± 0.0037)W +
(0.0523±0.0010)W 2 , that is in good agreement with previous studies and has significantly increased
parameter precision.
I. INTRODUCTION
Precision measurements of the β-spectra are currently
very important in neutron and nuclear β-decay studies,
as a means of searching for the effects beyond the Stan-
dard Model (SM) in the low energy region [1, 2]. Ac-
curate studies of nuclear β-decays have been exploited
for many years in various applications of fundamental
physics problems, predominantly in neutrino physics.
In this paper we present the results of the measurement
of β-spectrum of 210Bi with spectrometer based on Si(Li)-
detectors [3, 4]. The problems of the β-decay of 210Bi
(historically Radium E, RaE) such as strong deviation
from the allowed energy distribution and prolonged life-
time has been investigated widely starting from 1930-th
in many experimental and theoretical investigations [5–
7]. The situation was clarified after the assumptions that
the ground state of 210Bi is the combination of some wave
functions [8] and calculations of nuclear matrix elements
for β-decay on the basis of the finite Fermi systems the-
ory [9]. Later spectral measurements of 210Bi β-decay
were performed in works [8, 10–12] that used magnetic
lens and solid state β-spectrometers.
Isotope 210Bi is one of the natural radioactive elements
of the 238U decay chain. As a product of the radioactive
gas 222Rn and the subsequent long-lived 210Pb, the iso-
tope 210Bi is present inside or on the surface of almost all
structural materials. At present the precise knowledge
of 210Bi β-spectrum is very important for background
modeling of modern low-background studies of neutrino
physics, dark matter and others rare processes. In partic-
ular, the shape of 210Bi β-spectrum is very similar to the
spectrum of recoil electrons originated from scattering of
solar CNO-neutrinos [13] and extraction of the CNO sig-
nal requires the shape of β-spectrum to be determined
with the sufficient accuracy.
II. EXPERIMENTAL SETUP
Magnetic [14, 15] and electrostatic [16, 17]
β-spectrometers possess the superior energy resolu-
tion but at the same time such devices appear to be
very complex and large-scale installations. Since the
electron free path at 3 MeV of kinetic energy (which
is, basically, the maximum β-transition energy for
long-living isotopes) does not exceed 2 g/cm3, solid state
scintillation and ionization detectors were effectively
employed for detection of electrons [18, 19]. The main
drawback of the solid state scintillators is their relatively
poor energy resolution, which stands at approximately
10% at 1 MeV as well as non-linearity effects related
with quenching and emission of Cˇerenkov radiation.
In case of semiconductor detectors, there is a sig-
nificant probability of back-scattering from the detec-
tor surface that depends upon the detector material.
The most widespread silicon-based semiconductors have
the backscattering probability of the order of 10% for
100 keV electrons at normal incidence [20]. In case of
the electron energies above 1 MeV and high Z detec-
tor materials, it becomes also important to take the
bremsstrahlung into account. Still, good linearity of
these detectors combined with high energy resolution
gives them a lot of advantages with respect to other types
of solid state detectors.
The layout of the β-spectrometer used was based on
simple “target-detector” geometry [3, 4]. The Si(Li) de-
tector with sensitive region with diameter of 15.1 mm and
thickness of 6.6 mm was produced by standard diffusion-
drift technology [21]. Since the detector sensitive region
does not cover the whole detector, it was fitted with a
tungsten collimator with diameter of 14 mm that guar-
antees that an electron falling on the detector is either
backscattered or stopped in the i-region of the detector.
The whole setup was located in a vacuum cryostat and
cooled down to liquid nitrogen temperature. The setup
was equipped with a moderate passive shield (50 mm
of iron and 10 mm of copper) that allowed to decrease
the environmental backgrounds by a factor of 7, up to
2.6× 10−1 counts/s above 50 keV.
The detector was operated with bias voltage of 800 V,
the readout was processed with a charge-sensitive pream-
plifier with resistive feedback and cooled FET transistor
of the first cascade. The preamplifier signal was pro-
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FIG. 1. The spectrum of 207Bi source measured with the
Si(Li) detector in energy range of (0.01−2.0) MeV. The inset
shows the electron peaks corresponding to internal conversion
from K, L, M and N shells of the 570 keV nuclear level.
cessed with a standard CR-3RC analogue shaper and
digitized with a 14-bit ADC. The energy resolution de-
termined for 59.6 keV γ-line of 241Am turned out to be
FWHM = 900 eV for the full width at half maximum.
In order to determine the main characteristics of the
spectrometer, we used a 207Bi source, providing γ- and
X-rays, conversion and Auger electrons. The 207Bi source
with an activity of 104 Bq was placed inside the vac-
uum cryostat at a distance of 14 mm from the Si(Li)
detector surface. The 207Bi spectrum, measured with
the Si(Li) detector, is shown in Fig. 1 for the interval
(0.01− 2.0) MeV [3].
Three of the most intense 207Bi γ-lines have energies
of 569.7 keV, 1063.7 keV and 1770.2 keV and are emit-
ted with probabilities of 0.977, 0.745 and 0.069 per sin-
gle 207Bi decay, respectively [22, 23]. The correspond-
ing peaks of the conversion electrons from K, L and M
shells are clearly visible in the spectrum in Fig. 1. The
electron energy resolution determined via 480 keV line
is FWHM = 1.8 keV. Energy calibration performed us-
ing Pb Kα1 X-ray and γ-line with energies of 74.97 keV
and 569.70 keV, correspondingly, predicts the position of
975.66 keV conversion electrons peak with an accuracy
better than 0.3 keV.
The low-energy part of the 207Bi spectrum was used
for evaluation of the thickness of the non-sensitive layer
on the surface of Si(Li) detector. This area contains a set
of peaks corresponding to Pb X-rays fromK and L series
and Auger electrons. The observed position of 56.94 keV
Auger peak (eK,L1,L2) appeared to be at 56.22 keV. Tak-
ing into account the gold coating thickness of 500 A˚, the
measured 59 keV electron energy loss is 720 eV that cor-
responds to 4700 A˚ of the non-sensitive layer.
The planar source of 210Bi was prepared with the
method of thermal oxidation [24]. The polished stainless
steel foil with diameter of 24 mm and thickness of 11 µm
was used as substrate for 210Bi source. A water-alcohol
solution that contained 210Bi atoms was deposited onto
the oxidized surface of the foil. The solution was air-
dried, which was followed by a short-term diffusion an-
nealing during 3 minutes at 300◦ C for implanting the
radionuclide into the oxidized surface layer of the sub-
strate. The technology allows to reach negligibly small
source thickness suppressing effects related with attenu-
ation and scattering of the electrons in the source mate-
rial. Since these effects are difficult to simulate due to
complications of the source geometry reconstruction the
produced source decreases systematic uncertainties of the
measurement.
III. THE RESULTS OF MEASUREMENTS
The natural radioactivity of the 238U and 232Th fami-
lies, along with the long-lived 40K isotope, are the main
sources of the background for neutrino physics and dark
matter searches at energies below 3 − 5 MeV. The main
decay modes and half-life T1/2 values of daughter nuclei
following after a long-lived lead isotope 210Pb are as fol-
lows:
210Pb(β, 22.3 y)→210 Bi(β, 5.0 d)→210 Po(α, 138 d).
(1)
The end-point energies of the beta spectrum of 210Pb and
210Bi are 63.5 keV and 1162 keV, respectively, the energy
of α-particles of 210Po is 5.407 MeV [22, 23]. Since the
source of 210Pb was specially prepared for this experi-
ment and was free of other Pb isotopes, equilibrium in
the chain (1) was not reached yet at the time of measure-
ment.
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FIG. 2. Low energy part of 210Pb→ 210Bi spectra measured
with Si(Li)-detector. The inset shows the decay scheme of
210Pb.
3The Fig. 2 shows the low-energy region of the measured
spectrum determined mainly by 210Pb decays. Since the
coefficient of internal electron conversion due to the dis-
charge of 46.5 keV nuclear level is large e/γ ≃ 20 [22],
the electron peaks corresponding to conversion from L,
M and N shells are clearly visible in the spectrum. The
electron energy resolution of Si(Li) detector determined
for 30 keV electron conversion line is FWHM = 1.0 keV
and the low energy detection threshold is about 5 keV.
The spectrum also shows the peaks of characteristic 10.8
keV and 13.0 keV Lα1 and Lβ1 X-rays and the wider
peak of 15.5 keV Auger eLNM electrons.
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FIG. 3. The energy spectrum of 210Pb → 210Bi → 210Po
source measured with the Si(Li) detector in energy range of
(0.05−5.5) MeV. The β-spectrum of 210Bi has 1162 keV end-
point energy, the α-decay of 210Po leads to 5.4 MeV peak.
The whole spectrum in the energy range of (0.05 −
5.5) MeV is shown in the Fig. 3. The energy resolution of
5407 keV 210Po slightly asymmetric α-peak is FWHM =
26 keV. The background level near the end-point energy
of 210Bi beta spectrum was 0.18 counts/h/keV and that
determined mainly by Compton scattering of 1.46 MeV
γ-quanta of 40K passing through the passive shielding.
The data were obtained in 634 hours of data-taking
in short 1-hour series used for stability control. To de-
termine the energy calibration E = a + bN (where E is
a Si(Li) visible energy and N is an ADC channel num-
ber), the position of 46.5 keV γ-peak and the value of
210Bi end-point energy E0 = 1162 keV measured with
high accuracy in other experiments [22, 23] were used.
During the fitting of the spectrum, the calibration slope
b equal to the analyzer channel width was free, while the
value of the parameter a was fixed by 46.5 keV peak po-
sition. The differences of fitting parameters for the all
1-hour runs are in agreement with their statistical uncer-
tainties. The total number of registered 210Bi decays was
1.0× 108.
IV. DATA ANALYSIS
The energy distribution S(W ) of β-particles emitted
in β-decay process could be expressed as
S(W ) = PW (W −W0)2 × F (W,Z)× C(W ), (2)
where P and T are the electron momentum and energy,
W = T/mc2+1 is full electron energy, W0 = T0/mc
2+1
is β-spectrum end-point energy, F (W,Z) is the electron
Fermi function that takes into account electromagnetic
interaction of the outgoing electron with the atom and
C(W ) is the transition nuclear form-factor that considers
the effects of internal nuclear interactions.
The Fermi function F (W,Z) is historically derived in
approximation of a point-like nuclei without considera-
tion of the atomic shells [25] that means that comparison
with experiments using this model needs application of
the same approximation, while the β-spectrum for prac-
tical applications would need a more profound calcula-
tion of the Fermi function that was performed according
to [26–28].
The transition investigated in this work is of forbid-
den type that means that the initial and final momenta
can not be explained by a single nucleon decay in the
mean nuclear field and the nuclear form-factor C(W ) is
expected to deviate from unity and is the main sub-
ject of the measurement. Since the shape factor of
first forbidden non-unique transition with such parity-
momentum relations can be expressed with sufficient ac-
curacy by a second degree polynomial, we choose the
C(W ) parametrization as in [8]:
C(W ) = 1 + C1W + C2W
2 (3)
with generic values of parameters C1 and C2 that were
defined through maximum likelihood fit with χ2 likeli-
hood function.
The final model of the experimental spectrum ex-
presses as:
N(E) =
∫ W0
E/mc2+1
S(W )×R(W,E)dW, (4)
where R(W,E) is the spectrometer normalized response
function obtained with Monte-Carlo simulation of elec-
trons with energy W exiting the source with uniform
distribution within the source and uniform distribution
of their momenta directions.
Since the setup in use has the classical “target-
detector” geometry, it is quite important to take into
account the detector response function that would con-
tain a long low-energy tail caused by fraction of elec-
trons backscattered from the detector as well as by
bremsstrahlung exit from the detector crystal. The Si(Li)
detector has i-region thickness exceeding the stopping
range of an electron with endpoint energy of 1162 keV
and thus the geometry of irradiated regions of the
4setup is quite well established. This allows to ac-
count for the detector energy response through a pre-
cise simulation with the Monte-Carlo method. We used
Geant4.10.04 simulation package [29] with the standard
G4EmStandardPhysics option4 package of electromag-
netic interactions.
The package choice was mainly motivated by the Single
Scattering model for electrons, that is the most promis-
ing among standard ones according to [30, 31]. The sim-
ulation was including modelling of the detector entrance
windows, collimator and holders according to the physi-
cal setup geometry.
The fit range has the lower bound that comes from
presence of 210Pb in the source that covers the low-energy
region. Considering that the nuclear form-factor depends
only upon momenta of the electron and neutrino one
should not expect sudden behavior in the lower tenth
of the energy spectrum so this lower bound should not
be important for the form-factor establishment.
The fit with canonical Fermi function F0(W,Z) was
performed in the energy range 120− 1175 keV with flat
background approximation. The Fermi function was cal-
culate according to [25] as:
F0(W,Z) = 4(2pR(A))
2(γ−1)
e(piY )
|Γ(γ + iY )|
Γ2(1 + 2γ)
. (5)
were Y = αZW/p and γ =
√
1− α2Z2, α is the fine-
structure constant and R is the nuclear radius defined as
R = 0.0029×A1/3 + 0.0063×A2/3 − 0.017×A−1.
The fit results are shown on fig. 4. The obtained min-
imum of χ2/NDF = 1775.3/1705 corresponds to Pear-
son P-value = 0.12 and form-factor parameters C1 =
−0.4523± 0.0031 and C2 = 0.0560± 0.0008. The easily
computed values of F0(W,Z) (5) together with obtained
coefficients C1 and C2 allows to calculate the shape of
the β-spectrum that references to our measurements.
In order to have a fair comparison with results of [8, 11]
we performed the fit with the Fermi function F (W,Z)
calculated in accordance with formalism presented [26],
attempting to improve the precision of the analytical de-
scription. In this work F (E,Z) was enhanced by in-
cluding second and third terms of pr-power expansion
of electron wave function at small values of r (F0(E,Z)
is obtained by neglecting all but the first term). Also,
additional corrections were included, taking the finite
size of the nucleus and atomic shell screening into ac-
count [32, 33]. The values of F (E,Z) = F0(E,Z) · χ · η
used in the calculation were taken from the Table 14
of [26] for Z = 83 and A = 210.
The fit range was increased with respect to the im-
proved F (W,Z) that takes into account the nucleus fi-
nal size and the screening corrections. The same proce-
dure gives the form-factor parameters as C1 = −0.4339±
0.0012 and C2 = 0.0513± 0.0004. These values one can
compare with C′1 = 0.46± 0.01 and C′2 = 0.0586± 0.002
obtained in [8]. The errors of C1, C2 obtained in the
present work are more than five times less, however, the
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FIG. 4. Experimental spectrum fit with parabolic form-factor
C(W ) and Fermi function F0(W,Z), computed in approxima-
tion of a point-like nucleus [26]. The χ2 fit was performed in
the energy range 120 − 1175 keV with flat background ap-
proximation.
parameters C1, C2 and C
′
1, C
′
2 are consistent with each
other within the 1.5 σ.
The final fitting procedure was repeated using the clas-
sic definition of the Fermi function with several correc-
tions that included atomic shell screening effect [34], fi-
nite size distribution of electromagnetic and weak charge
inside nucleus [35] and QED radiative corrections [36].
The final F (E,Z) had the following form:
F (E,Z) =F0(E,Z)× S(E,Z)× (6)
L0(E,Z)× C(E,Z)×Gβ(E)
whereE is full electron energy, Z is the charge of a daugh-
ter nucleus, F0(E,Z) is Fermi function, S(E,Z) screen-
ing correction, L0(E,Z) and C(E,Z) are electromagnetic
and weak finite size corrections and Gβ(E) is radiative
correction. The results of the final fitting procedure are
given in Fig. 5
Implication of a more precise Fermi function allowed to
lower energy threshold down to 100 keV, providing good
P-value = 0.13 that is an evidence of better agreement of
the corrected beta-spectrum with the experimental data.
The minimum of χ2/NDF = 1803.9 / 1738 corresponds
to form-factor parameters C1 = −0.4363 ± 0.0037 and
C2 = 0.0523 ± 0.0010. These values C1 and C2 are
obtained taking into account the most complete knowl-
edge of the interactions emitted electron with atom. One
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FIG. 5. Experimental spectrum fit with parabolic form-
factor C(W ) and Fermi function F (W,Z), computed accord-
ing to [27, 34]. The χ2 fit was performed in the energy range
100− 1175 keV with flat background approximation.
should note that the parameters C1 and C2 have quite
strong correlation in the fit of the experimental data,
having the correlation coefficient of 0.94.
As the response function model is based on the simpli-
fied interaction models used in the simulation, it is im-
portant to estimate the uncertainties concerning its im-
perfection. Consideration of these uncertainties was per-
formed through analytical modification of the response
function as:
R˜(E,W ) =


R(E,W )× (1 +A ln(BW )),
if E < T − 5σ
R(E,W ),
if E > T − 5σ
(7)
where σ is the detector resolution at kinetic energy T
and A,B are free parameters. Eventually, six parameters
were free in the fit the common normalization coefficient,
the slope of the energy calibration, the form factor pa-
rameters C1 and C2, and response function parameters
A and B.
The dependence A ln(BW ) used for the variation of
the response function tail approximately corresponds to
the uncertainties of the response function for different
GEANT4 simulation packages [30]. The response func-
tion was renormalized to conserve detection efficiency of
the original simulation.
T, keV
0 200 400 600 800 1000
co
u
n
ts
 / 
1 
ke
V 
1 
de
ca
y
0
0.5
1
1.5
2
2.5
Daniel(1962)
Carles&Malonda(1996)
This work (with F(W,Z)))
(W,Z)))
0
This work (with F
T, keV
0 200 400 600 800 1000
(T
)
D
an
ie
l(1
96
2)
S(
T)
 / S
0.8
0.85
0.9
0.95
1
1.05
1.1
1.15
1.2
FIG. 6. Comparison of the spectra measured by Daniel
(1962) [11] and Carles & Malonda (1996) [8] with the present
study (top). Ratio to Daniel (1962) spectrum (bottom).
Daniel (1962) spectrum errors are shown by solid black lines.
The fits performed have shown convergence of parame-
ter A to null, showing that with the current experimental
statistics the Monte-Carlo simulation of the spectrome-
ter response gives results consistent with the data. The
conservative approach demonstrates the fact that inclu-
sion of parameters A and B in the fit leads to increase
errors of C1 and C2 by approximately a factor of three.
The present results are compared with obtained in
works [11] (Daniel (1962)) and [8] (Carles & Malonda
(1996)) in Fig. 6. The upper part of the figure shows the
electron spectra. To determine the Daniel (1962) spec-
trum, we used the data from Table 2 [11] and the Fermi
function from [26]. The Carles & Malonda (1996) spec-
trum was calculated in accordance with the parameters
C1 and C2 given in [8]. The figure shows two electron
spectra obtained in the present work for F0(W,Z) and
F (W,Z) Fermi functions according to [25] and [27, 34].
All β-spectra were normalized to unity.
Fig. 6 shows also the ratio of Carles & Malonda (1996)
and present work spectra to Daniel (1962) spectrum [11].
Daniel (1962) spectrum errors determined by fit are
shown by solid black lines.
Because C1 and C2 have quite strong correlation, in
order to estimate uncertainties on the form factor curve
shown at Fig. 6 we applied the Monte-Carlo method
sampling the form-factor parameters according to two-
6dimensional Gaussian distribution that includes the cor-
relation coefficient obtained in the fit. One can see that
both of our spectra are consistent with Daniel (1962) and
Carles & Malonda (1996) spectra within uncertainties.
The current study shows significantly increased precision
with respect to the previous studies.
V. CONCLUSIONS
The spectrometer based on the Si(Li) detector was
used to precisely measure the β-spectrum of 210Bi nu-
clei. As a result of the 634 hours measurements with a
total number of 1.0×108 of registered electrons it was es-
tablished that the β-spectrum is described by form-factor
S(W ) = 1+(−0.4523±0.0031)W+(0.0560±0.0008)W 2 if
the Fermi function is calculated according to formula (5)
for a point-like nucleus. The obtained values of the pa-
rameters C1 and C2 together with (5) can be used for
calculation of the electron spectrum of 210Bi.
When the additional above-mentioned corrections to
the Fermi function are taken into account, the form-
factor parameters are equal C1 = (−0.4363 ± 0.0037)
and C2 = (0.0523± 0.0010), that can be useful for calcu-
lation of specific nuclear matrix elements. The obtained
parameters of the form-factor are in agreement with the
previous studies and have significantly increased preci-
sion.
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